The extracellular electrogram is caused by transmembrane currents that flow into extracellular space during propagation of the electrical impulse. Electrograms are usually recorded in unipolar or bipolar mode that have different characteristics, but provide complementary information. Both recording modes have specific advantages, but also suffer from disadvantages. Techniques to circumvent some of the weaknesses are reviewed. The origin of remote and fractionated deflections and their relation with electrode characteristics are discussed. Epicardial and endocardial sites of origin and breakthrough sites as well as the effect of fatty tissue on extracellular electrograms are presented. Induction of tachycardia to assess the arrhythmogenic area is not always possible because of hemodynamic instability of the patient. Techniques to assess sites with high reentry vulnerability without induction of arrhythmias are outlined such as activation-repolarization mapping and decremental stimulation. Pitfalls of substrate mapping and techniques to avoid them as omnipolar mapping and characterization of complex electrograms by entropy are presented. Technical aspects that influence electrogram morphology as electrode size, filtering, contact force, and catheter position are delineated. Data from the various publications suggest that a combination of unipolar and bipolar electrogram analysis techniques is helpful to optimize determination of target sites for ablation. K E Y W O R D S analysis techniques, bipolar, extracellular electrogram, target site, unipolar
INTRODUCTION
Cardiomyocytes are coupled electrically by connexins, of which C × 43 is the major connexin in ventricular myocardium. Connexins are small protein channels through which ions and small molecules can flow between the cardiomyocytes. Axial current will flow between activated and non-activated cardiomyocytes because of the voltage difference between them (approximately 100 mV) and the electrical coupling mediated by the connexins. As the axial current flows along the cells, some of it leaks across the surface membrane as transmembrane current. The amount of transmembrane current in any region must be equal and opposite to the change in axial current. This results in a total Abbreviations: 2D, two-dimensional; 3D, three-dimensional; AF, atrial fibrillation; CFAE, complex fractionated atrial electrograms; CS, coronary sinus; cv, conduction velocity; Cx43, connexin 43; LAD, left anterior descending artery; RSPV, right superior pulmonary vein; SCV, superior caval vein.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made. transmembrane current that is proportional to the second derivative of the voltage. The transmembrane currents flow through the membrane into extracellular space. Because the extracellular fluid has resistance, an extracellular (dipole) potential field is generated. This field is positive ahead of the activation front and negative at the back. The change in the extracellular potential with time at a certain site is the extracellular electrogram.
UNIPOLAR RECORDING MODE
In the unipolar recording mode, a different electrode is positioned at the site where the electrical potential must be determined. The
Pacing Clin Electrophysiol. 2019;42:1503-1516. wileyonlinelibrary.com/journal/pace indifferent electrode is at zero potential; this electrode is positioned at a large distance from the heart or connected to the Wilson's Central Terminal. Unipolar electrograms have the following major characteristics: (a) interpretation of the morphology of the signals is usually straightforward, (b) electrogram morphology of a passing wave front is independent of the direction of the front, (c) the electrogram is rather sensitive to electrical signals generated at a distance from the electrode, such as remote activation caused by activity of distant heart cells or electrical disturbances such as 50/60 Hz interference. Elimination or reduction of electrical disturbance ("noise rejection") is important to select accurate local activation time for both unipolar and bipolar electrograms. In low-noise condition (<0.02 mV baseline noise), small local potentials (<0.05 mV) can well be identified in both unipolar and bipolar electrograms. 1 Mapping systems and special electrodes that are available today allow acquisition of bipolar recordings with a noise level of 0.01 mV (peak-to-peak). 2
Morphology of the unipolar electrogram
The unipolar electrogram recorded at the origin of activation is negative because the electrode is always located in the negative part of the extracellular potential field during propagation of the activation front.
At a recording site where the activation front passes the electrode, the deflection is biphasic. During the approaching phase of the front the electrode is located in the positive part of the potential field, which results in a positive deflection of the electrogram. The amplitude of the electrogram becomes zero at the time the front is exactly over the electrode. Then, when the front has passed the electrode, the electrogram becomes negative because the electrode is located in the negative part of the potential field. This sequence results in a biphasic deflection for the electrogram, a positive deflection followed by a negative one. At a site where activation comes to an end, the electrode is located in the positive part of the potential field and therefore the signal will be positive.
Activation time
The activation time is defined as the time cardiomyocytes underneath the electrode depolarize. This coincides with the upstroke of the action potential of the cells, which occurs within a millisecond in healthy myocardium. The time of steepest upstroke of the action potential is taken as the activation time. Simultaneous recordings of action potentials and unipolar extracellular electrograms at the same spot have shown that the upstroke of the action potential coincides with the point of steepest down stroke in the unipolar electrogram. This is not only valid for healthy myocardium, but also for ischemic myocardial tissue. Only part of the unipolar electrogram (the down stroke) reflects the local event (depolarization) at the recording site. Large parts of unipolar deflections are in fact remote, caused by the wave front that approaches, and retreats the recording site; only the steep negative deflection reflects depolarization of cardiomyocytes underneath the electrode (Figure 1, upper tracing ).
An electrogram is termed local if it is generated by activation directly underneath the electrode. If activation propagates through a F I G U R E 1 Unipolar and bipolar electrogram recorded during passage of an activation front. Parts of the extracellular electrograms reflect remote (dark gray) and local (light gray) activation. The remote part is smallest for the bipolar recording bundle and the electrode terminal is at some distance from the bundle, the electrogram becomes therefore remote. The amplitude of an extracellular unipolar electrogram decreases if distance increases. It can be shown that at large distances (>1.5 bundle diameter), this decrease of amplitude will be approximately inversely proportional to the power of 2 with the distance. The distance between the positive and negative peak of the unipolar electrogram will increase with distance, which results in less steep signals for remote deflections. The amplitude of the bipolar electrograms will also decrease with distance, albeit that the decrease is faster. If multiple deflections are present with similar steepness of the down stroke, selection of activation times is less straightforward. However, by the simultaneous recording of electrograms from adjacent sites, the right activation time can often be assessed, as discussed later.
Activation in two-and three-dimensions
Activation in two-dimensional (2D) myocardial tissue will affect electrogram morphology because of the anisotropic characteristics of myocardial tissue. 3 If a sub-epicardial sheet of myocardial tissue (2D)
is stimulated at the center, isochronal lines will be elliptically shaped ( Figure 2 ). The unipolar electrogram at the site of stimulation (a) is negative, because it is recorded at the origin of activation. At a distance from the site of stimulation where activation runs parallel to the fiber direction, the electrogram is biphasic. If the distance is large, the positive and negative deflections caused by the passing wave front are virtually equal (site b). If the recording site is close to the site of stimulation, the positive deflection will be less high than the negative one, because the approaching front is less strong (due to its small size during onset) than the front that has passed the recording site. A similar effect occurs for positions near the site where activation comes to an end; here, the negative deflection will be smaller than the positive one because activation is passing the recording site shortly. For recording sites where activation proceeds perpendicular to the fiber direction, electrogram morphology is more complex. The tight electrical coupling between myocardial cells at the long axis of the cells compared to the side-by-side connections results in a stronger activation front (and extracellular potential field) during propagation in the fiber direction. This difference in strength of the activation fronts is schematically indicated in Figure 2 by the bold lines "L" and "P" at isochronal line 4 (4 ms after stimulation at the center). The line marked "L" shows the (strong) potential field of activation moving in the fiber direction (bold arrow). Electrode "c" is located in the negative zone of this potential field. Line "P" marks the activation front (and potential field) moving perpendicular to the fiber direction. This potential field is weak and electrode "c" is located in the positive potential zone of this front. Because of its strength, the negative contribution of the front running in the fiber direction is (initially) greater than the contribution of the front running perpendicular to the fiber direction, despite its larger distance. This results in the initial negative deflection for the electrogram at site "c" (arrow). If front "P" is closer to site "c" the distance effect becomes greater and a biphasic deflection of a passing wave front ensues.
F I G U R E 2
Fiber direction of the ventricles rotates from epicardium to endocardium over about 120 degrees. This rotation will affect the epicardial activation pattern and morphology of unipolar electrograms.
If stimulating the epicardium of three-dimensional (3D) myocardium, the elliptically shaped epicardial activation pattern remains similar, but the crowding of isochronal lines for activation perpendicular to the fiber direction decreases for distances further away from the site of stimulation. From the site of stimulation activation will spread out centrifugally. Epicardially, activation will spread slowly perpendicular to the fiber direction. At the same time activation moves toward the endocardium. At the depth where fiber direction has rotated over 90 degrees, activation will move fast in the direction in which activation moves slowly at the epicardium. After a while this sub-epicardial front will overtake the epicardial activation front and by moving toward the epicardium activate the epicardium earlier than the epicardial traveling front.
Change in signal amplitude with distance in 3D
The mathematical relationship between distance and electrogram amplitude for myocardial activation is complex. For a myocardial bundle it can be shown that for large distances the amplitude decreases with the power of 2 with distance. Podziemski et al determined this relationship in 3D atrial tissue. The investigators used activation wave fronts that traveled along a line of conduction block. 4 In this way, they were able to measure the amplitude of electrograms at several distances from activated tissue distal from the line of block. The authors fitted the data to an exponential function, but it can be shown that the amplitude-distance curve they composed fits well with the inverse of the distance to the power of 2 for large distances.
Initially negative deflections
As outlined before, an initially, sharp negative deflection points to a recording site where activation arises. Such a signal is expected to occur at a site where normal or abnormal impulse formation occurs.
This feature of the unipolar electrogram is helpful to determine the arrhythmogenic site of focal cardiac arrhythmias. It is, however, important to check the initial deflections for (tiny) R-waves. As long as an Rwave is present, the electrode is not at the site of origin of activation.
In a large number of cases, the signal recorded at the origin of activation is more complex, as illustrated in Figure 3 . It shows the epicardial activation map of a patient with symptomatic ectopic ventricular activity. The electrogram recorded at the earliest activated site indeed starts with a sharp negative deflection, but the initially down stroke is followed by a second negative deflection. This second deflection is due to fiber rotation from epicardium to endocardium as outlined before. The fiber direction is perpendicular to the left anterior descending artery (LAD) at the epicardium and more or less parallel to the LAD at the endocardium. Therefore, conduction velocity parallel to the LAD is low at the subepicardium, but fast in subendocardial layers. The fast activation in the fiber direction at subendocardial layers is (initially) somewhat delayed compared to the epicardial activation. It is related with a strong potential field and will induce a delayed large negative deflection in the signal at the epicardial recording electrode, because activation moves away from that site. Tissue discontinuities may also arise in infarcted myocardium. Collateral flow may give rise to surviving myocardial strands within the infarcted zone. These strands may traverse the infarcted zone paving the way for re-entry, which is often the mechanism of infarct related ventricular tachycardias. 7 At the site where activation leaves the bundle and activates remaining healthy myocardium, the recorded electrogram will be initially negative. The surviving bundles usually have a small diameter and the R-wave they generate in the electrogram at the exit site will be virtually invisible.
The initially negative deflection of the unipolar recording can also be helpful to detect tissue discontinuities where slow conduction suddenly speeds up, such as the proximal part of the His bundle. At the site where the common AV bundle connects with the His bundle, a QS deflection is recorded. 8 Figure 4 ). Prerequisite is that the time difference (dt) between the signals is small, which is the case if the distance between the poles is small F I G U R E 5 Simultaneous recording of unipolar and bipolar electrograms from the same position. A unipolar electrogram is independent on the direction of the activation front and the activation time is at the point of steepest negative dV/dt in the signal. Setup for the bipolar recordings is as indicated in Figure 4 . If the activation front comes from the left (A), the bipolar electrogram is mainly negative (as in Figure 4 ) and the activation time is at peak negative. If the activation front comes from the right (B), the bipolar electrogram inverts and becomes mainly positive. The activation time is now at peak positive. Finally if the activation front is parallel to the line between the poles (C and D), the signal output is virtually zero and an activation time cannot be determined (dt = dx/cv; dx is the distance between the poles, cv the conduction velocity).
BIPOLAR RECORDING MODE

Characteristics
A bipolar electrogram is sharper than a unipolar one, because differentiation of a signal promotes the high frequency components in the signal. In contrast to a unipolar electrogram, morphology and amplitude of a bipolar electrogram depend on the direction of the wave front.
Activation times and remote signals
The activation time in a bipolar electrogram is more difficult to assess than in a unipolar electrogram. In Figure 5 , the simultaneous recording of unipolar and bipolar electrograms is shown for different directions of the activation front. The setup for the bipolar recording is as illustrated in the bipolar electrogram is virtually zero and no activation time can be assessed in that case. In practical circumstances where the electrode size of the tip and the ring of a catheter are different and/or wave fronts are not plain, cancellation will not be 100%.
A great advantage of bipolar recordings is that distant electrical activity, being caused by a remote wave front or by interference of the mains, is suppressed because the induced signal is nearly the same at both poles. Therefore, the bipolar electrogram is more suitable to detect whether a deflection is local or remote than the unipolar electrogram. The amplitude of the bipolar electrogram generated by activation in a myocardial bundle (one-dimensional) is inversely proportional to the power of three of the distance. Although the bipolar electrogram is sharper than the unipolar one, recordings made in bipolar mode also have remote parts as illustrated in Figure 1 (lower tracing).
The direction dependence of the bipolar electrogram can be used to assess the direction of wave fronts. Main positive or negative deflections correspond with opposite directions of the activation fronts. This feature of the bipolar electrogram can be used to assess the site of origin of focal activation as will be discussed later.
Simultaneous recording of unipolar and bipolar electrograms
Because unipolar and bipolar electrograms have complementary information, it is often helpful to record them simultaneously. The bipolar recording reveals which deflection is local in the unipolar electrogram. 
CIRCUMVENTING DRAWBACKS OF UNIPOLAR AND BIPOLAR RECORDINGS
Although unipolar and bipolar electrograms are the basis for electrophysiological recordings, both have some drawbacks. These can often be circumvented by using multiple adjacent electrograms for analysis.
Modern mapping systems allow the recording and analysis of a large number (even thousands) of electrograms in a short time interval by using multi-pole catheter-electrodes.
Omnipolar recording
One of the major problems with bipolar electrograms is their direction dependence. Bipolar signals are often used for voltage-guided approaches to determine compromised myocardial areas. The orientation of the poles with respect to the direction of the wave front will F I G U R E 6 Simultaneous recording of two unipolar and one bipolar electrogram together with lead III at the LVOT in a patient with symptomatic ectopic beats arising at the outflow tract. To determine "local" deflection(s) in the unipolar electrogram, deflections in the unipolar electrogram are compared with bipolar deflections at the same instant. Deflection a in the unipolar recordings of the sinus complex, is virtually missing in the bipolar one, indicating that this deflection is remote. Deflection b is present in both unipolar and bipolar tracings, indicating that this deflection marks a local event. In the same way, deflection c is the local one in the ectopic complex. The (initially) negative deflection is sharpest and earliest at pole 1 of the unipolar recording, indicating that this pole should be used for ablation. Electrode size: 2 × 1 mm; inter-electrode distance: 2 mm; reference electrode: WCT; filter setting: 0.1-250 Hz affect the correct interpretation of the amplitude of the bipolar electrogram. The omnipolar technique circumvents this problem and provides a measure of the largest possible bipolar electrogram. 9 Within a square area defined by four electrode terminals that record unipolar electrograms, the omnipolar technique allows the calculation of bipolar electrograms in any direction, from which the direction that gives the maximal amplitude can be determined. Haldar et al applied this technique in a dog model of AF and showed that the omnipolar approach is able to identify the largest possible bipolar electrogram in sinus rhythm as well as AF. 10 In addition, the wave front direction can be estimated by taking into account wave front orientation, collision, and fractionation, yielding a velocity vector field. 11 The superior caval vein (SCV) is located close to the right superior pulmonary vein (RSPV). 13 The myocardial mass of the SCV is such that enough current can be generated to produce a (remote) signal in recordings of the RSPV. Similar in this respect are overlaying structures as present at the coronary sinus (CS). Atrial tissue overlays the CS, but is electrically isolated from the CS at most sites by adipose tissue. 14 Recordings made from sites in the CS reveal deflections from atrial tissue and myocardium in the CS. Distinguishing remote from local activity may be difficult in such overlaying structures because activation in the two tissues is very close together and both deflections can be sharp.
LaPlacian technique
Fractionated electrograms
Increased collagen deposition is associated with a large number of cardiac diseases and will affect conduction as well as electrogram morphology. Often myocardial and collagen bundles intermingle, which may result in tortuous routes for activation. Because activation in various bundles is often asynchronous, electrograms become fractionated.
Such fractionated electrograms often arise in infarcted myocardium. 15 Increased collagen deposition may give rise to structural and functional shows an infarcted papillary muscle that was superfused in a tissue bath. 16 Tissue consisted of parallel oriented myocardial bundles, sep- 
DETERMINING TARGET SITES
Activation maps
Activation sequence mapping is frequently applied to detect the target site for ablation. This is done during tachycardia to assess a temporal sequence of activation. Electrograms are recorded sequentially or simultaneously at a large number of sites. From the recorded electrograms, the activation map during tachycardia is determined. For this purpose, activation times have to be determined. As outlined, the point of steepest down stroke in the unipolar electrogram marks the local activation time. This corresponds with the peak negative or peak positive point in the bipolar electrogram.
In several studies the onset of the bipolar electrogram has been used to select the activation time.
This is, however, not correct because as with the unipolar electrogram, the first and last part of the bipolar electrogram are remote (see Figure 1 ). In healthy myocardium, this selection of activation time may, although wrong, not be detrimental, but in diseased myocardium activation maps based on such activation times may result in erroneous conclusions. The activation map constructed from activation times based on the onset of the bipolar electrograms may for instance suggest a re-entry mechanism, whereas in fact two colliding wave fronts are present as illustrated in Figure 8 .
Determining activation times from unipolar recordings is not always without difficulties, because of deflections caused by remote activity. Complex filtering and statistical approaches have been proposed to enhance the accuracy of activation times. 17, 18 The filtering study by Cabo et al suggests that inclusion of frequencies between 500 and 1000 Hz improves detection performance. 17 The statistical approaches suggest that incorporating multiple features (voltage, first and second derivative, and ratio) of unipolar deflections enhance prediction of activation time of complex fractionated electrograms.
Other investigators optimized detection of local activation by looking for the maximal unipolar negative dV/dt within a window demarcated by the beginning and the end of the bipolar complex. 19 This prevents detection of activation times in deflections that are remote in the unipolar electrogram. These authors also tested the onset of the bipolar electrogram and the moment when the cumulative ing sites that is related to the difference between repolarization and activation times for adjacent sites. The lower the index value, the higher the vulnerability for re-entry. The system records unipolar electrograms, while bipolar electrograms are calculated. A special algorithm (lumipoint) allows the selection of a window of interest to identify late potentials, regions that exhibit discontinuous activation and detection of critical isthmus sites and abnormal potentials. 21 The lumipoint algorithm displays an activation histogram over the entire tachycardia cycle length with a normalized score. Takigawa and collaborators showed that the algorithm can be used to identify reentrant versus focal atrial tachycardia. 22
High resolution multi-channel systems
Decrement evoked potentials
Decrement evoked potential mapping is another technique that has recently been developed to determine critical sites of VT circuits without induction of tachycardia. This technique uses decremental extrastimuli to identify isolated near-field potentials. 23 If late potentials or fractionated potentials are identified during mapping, a pacing train with decremental extrastimuli is applied. If the local potential on the mapping catheter delays, this is annotated as a decrement evoked potential (DEEP). A minimum delay of 10 ms is required for an electrogram to be categorized as DEEP. 23 The investigators found that potentials with decremental properties within scar or at scar border zones are able to detect targets for ablation that are more likely to participate in VT circuits than targets determined during conventional substrate mapping. Application of DEEP mapping identified diastolic pathways with greater specificity than mapping of late potentials. In a prospective multicenter study, the viability of the decrement evoked potential approach to identify functional substrate modification for VT therapy has been confirmed. 24
Bipolar electrogram morphology to assess ablation sites
Although the unipolar electrogram is physically sound to assess acti- In case the focus is not between terminals 2 and 3, signals will deflect in the same direction. This method is, however, not applicable to determine exit sites of infarct related ventricular tachycardias. 
Epicardial or endocardial origin of activation
To optimize ablation, it is important to know whether the origin of a tachycardia arises at (or near) the epicardium or endocardium. Several experimental studies show that small R-waves arise in the unipolar electrogram at the endocardium if activation originates at the epicardium and the other way around. Figure 9 shows electrograms recorded with a needle electrode inserted in the left ventricular wall in case stimulation is performed at the epicardium of a Langendorffperfused porcine heart. Note that at the epicardium, the electrogram is initially negative; no R-wave is present. For recording sites toward the endocardium, a tiny R-wave is present that tends to increase in amplitude the further the electrode is away from the epicardium.
The site beneath the epicardium activation arises has a great effect on the epicardial activation pattern, as illustrated in Figure 10 Panel (B) shows the isochronal map if stimulation was performed at the terminal of the needle electrode that was located at the endocardium. This pattern is more circular (isotropic) due to rotation of the fiber direction through the ventricular wall.
Early epicardial activation; breakthrough or focal activation
In case the origin of activation is at the epicardium, the epicardial activation map is centrifugal, although activation block in one or more directions may occur in case of cardiac disease. The unipolar electrogram at the earliest activated site is negative. During atrial fibrillation (AF), spread of epicardial activation is often centrifugal. De Groot et al showed, however, that in most cases an initial R-wave is present, indicative for activation running toward the epicardium. 27 Such observations emphasize that a centrifugal activation pattern is not sufficient for determining the site of onset of activation.
Role of epicardial fat on electrogram amplitude
Epicardial fat increases the distance between the site of activation and the recording electrode and affects electrogram morphology. The group of Zeppenfeld determined unipolar and bipolar electrogram amplitude in patients undergoing epi-and endocardial mapping. 28 Epicardial fat was assessed by computed tomography. Sixty-four percent of the epicardial surface of the patient's heart was covered with fat, of which the thickness was >4 mm in 25% of the adipose area. The bipolar voltage decreased in amplitude from 2.5 mV (no fat) to 0.9 mV (>4 mm fat). In contrast, unipolar amplitudes were not influenced by the epicardial fat. The authors attribute this difference to the larger field of view of the unipolar recording technique. They concluded that because epicardial fat attenuates bipolar voltage amplitude it may prevent accurate delineation of scar if bipolar voltage mapping is applied.
SUBSTRATE MAPPING
Substrate mapping is used to detect areas with infarction or scarring 
Fractionation and late potentials
As described before, fractionated electrograms point to asynchronous activation in areas where myocardial fibers intermingle with zones consisting of in-excitable tissue such as collagen, adipose, or ischemic myocardium. In addition, heterogeneous expression of connexins has been shown to give rise to fractionation of electrograms. 30 To assess whether endo-epicardial asynchrony contributes to electrogram fractionation, van der Does et al carried out epicardial mapping during sinus rhythm in patients undergoing cardiac surgery. 31 Activation time, electrogram amplitude, RS ratio, and fractionation were assessed in the right atrial free wall of patients operated for coronary artery disease or valvular heart disease. The authors showed that during sinus rhythm, epi-endo differences in electrogram fractionation occurred.
Endo-epicardial asynchrony was the origin of fractionation in 4% of the fractionated electrograms, but they suggested that this percentage will increase during arrhythmias. which may be the case if conduction is in the fiber direction, less fractionation will be present.
Although CFAEs are used to select areas for ablation, several studies have demonstrated that they are frequently passive phenomena and not critical for the perpetuation of AF. 32 The group of Schotten recorded unipolar electrograms during AF in the left atrium of 20 patients with persistent or paroxysmal fibrillation. 33 CFAEs were assessed with five semi-automated bipolar CFAE algorithms. All CFAE assessments showed poor correlation with the complexity of the substrate. The latter was determined from conduction velocity, number of waves/breakthroughs, and electrical dissociation. In addition, CFAEs poorly correlated with fractionation index of unipolar electrograms.
The previous index, however, was highly related with AF substrate complexity and a good marker for conduction block. Sohal and collaborators suggested that wide field mapping using electrodes with multiple splines, which allows simultaneous acquisition of activation over large area, would be preferential. 34 
Entropy analysis
Atrial electrograms during complex activation are frequently disturbed by spikes or missing samples due to unstable positioning or poor contact of electrodes. These artifacts will affect the reliability of the CFAE and non-CFAE segmentation. Although processing techniques are available to reduce spikes, this option is often not applicable because of similarity with electrogram features. To circumvent the effect of these artifacts, sample entropy has been applied successfully. 35 This procedure determines regularity of a time series by computing the negative logarithm of the conditional probability that two sequences, which are similar for a number of points, remain similar for the next point at a dissimilarity level below a certain threshold value. 36 38 Their data suggest that Shannon's entropy is an objective tool to assist mapping of locally stable rotors.
TECHNICAL ASPECTS THAT INFLUENCE ELECTROGRAM MORPHOLOGY
Electrode size
Electrode diameter affects electrogram characteristics. 39 Although the morphology of the electrograms remains similar, steepness of the signal is greater for smaller diameters of the recording electrode. This effect of the electrode diameter on the electrogram is caused by the fact that activation requires time to pass the electrode. Because the recorded signal is the mean of all activity underneath the electrode, the electrogram will widen if the electrode size increases. Although this suggests that a small diameter is preferable, one should realize that electrode noise increases with decreasing electrode diameter. 40 In addition, the ionic bilayer at the electrode-tissue interface is disturbed easily if the surface is small, which results in a greater sensitivity to movement artifacts for small diameter electrodes.
Electrogram fractionation
Jacquemet and co-workers showed in a computer model that fractionation varied with the density of collagen strands and that fractionation increased with larger electrodes. 41 Results of these experiments also showed an increase in fractionation with increased spacing. Their observations are in accordance with basic concepts of bipolar electrograms, in which the number of deflections increases with the distance between the poles.
Because these electrode variables affect electrograms, Josephson
and Anter suggested a standardization of recording techniques that included electrode size, inter-electrode spacing, tissue contact, and catheter orientation. 44 Iso et al showed that wave front direction and cycle length affect atrial electrogram amplitude, which, as they indicated, at least partly explains the voltage discordance during SR and AF. 45 
Filtering and sample frequency
Filtering and sampling frequency also influence electrogram characteristics. Filtering may attenuate respiration and movement artifacts as well as interference and far-field components, but it affects electrogram morphology. 46 Especially high-order filters (sharp filters) that attenuate certain frequencies more steeply, may disturb morphology importantly, such as notch (60 Hz) filters. The problem with such filters is that they are prone to ringing and may generate artificial deflections in an electrogram.
Contact force and catheter position
Morphology of the electrogram and ablation size is changed by the force the catheter exerts on myocardial tissue. 47 Contact pressure results in injury current that gives rise to a monophasic deflection (STsegment elevation), but pressure may also affect configuration and number of deflections. In addition, contact force will affect CFAE score.
Electrogram parameters and initial impedance are poor predictors of contact force for radiofrequency ablation. An optimal contact force during electrogram mapping of ≥10 g is suggested, as below this value contact force has a significant influence on the electrogram and CFAE scores.
F I G U R E 1 1
Example of unipolar and bipolar recordings of a catheter with the electrode positioned parallel (left tracing) and perpendicular to the atrial wall. Recordings were made during atrial fibrillation; the bipolar tracing is the difference between the tip and the first ring electrode. If the catheter is positioned along the wall, both terminals touch the tissue and the recording is a pure bipolar one. If the catheter is, however, positioned perpendicular to the wall, only the tip touches the wall. The ring electrode records a cavity signal, which is a remote unipolar one and lower in amplitude than the tip signal. The resulting signal approaches a unipolar recording; unipolar and bipolar electrograms are similar now. Electrode size: 2 mm × 1 mm; inter-electrode distance: 2 mm; reference electrode: vena cava inferior; filter setting: 0.5-200 Hz For bipolar recordings, the position of the catheter with regard to the heart wall is of importance for electrogram morphology. A catheter is usually positioned parallel to the heart wall. However, its position is not always clear and the catheter can make an angle with the wall, which will change the morphology of recorded signals. In case the catheter is parallel to the wall the bipolar electrogram recorded between the tip and the first ring electrode reveals a real bipolar electrogram, because both electrode terminals touch the ventricular wall. If the catheter is, however, perpendicular to the wall, only the tip touches the wall, the ring electrode is located in the cavity. Therefore, the ring does not record a local signal but a remote one (the cavity potential). The cavity potential is lower in amplitude and less steep than the local deflection at the tip, so that subtraction of the two results in an electrogram that tends to the unipolar morphology as recorded at the tip electrode. Filter setting will have an additional effect on electrogram morphology. The resulting bipolar electrogram virtually has a unipolar configuration. An example is illustrated in Figure 11 where endocardial electrograms of the atrium were recorded during AF with the catheter positioned along and perpendicular to the atrial wall. For both situations the unipolar and bipolar electrograms are shown together with lead II. Note that in case the catheter is parallel to the wall, the bipolar electrogram mimics the first derivative of the unipolar one, whereas in case the catheter is perpendicular to the wall, the bipolar electrogram is similar to the unipolar one. The bipolar electrogram recorded with the electrode positioned parallel to the ventricular wall shows a rotation of the amplitude from negative to positive, indicating that the wave front is changing direction.
CONCLUSIONS
The optimal recording procedure to assess activation times uses both unipolar and bipolar electrograms that are recorded simultaneously.
The bipolar electrogram helps to detect the local component(s) in the electrogram, whereas deflections of the unipolar electrogram that correspond with the bipolar deflection(s) are preferable used to determine activation times. In addition, the morphology of unipolar electrograms can be used to select the origin of (focal) activation and/or sites with tissue discontinuity. Several aspects of electrogram recording such as filtering, contact force and catheter position should be considered with care when analyzing electrograms.
Detecting target sites for ablation with voltage mapping and/or fractionation of electrograms also have a number of pitfalls. Recording bipolar electrograms looks attractive because of the local character of this recording mode, but their amplitude is dependent on the direction of the activation front, which affects the potential map. On the other hand, unipolar recordings suffer from the fact that remote deflections that are present will affect the voltage map. However, several techniques are available to circumvent the disadvantages of the unipolar and bipolar recording technique and to avoid pitfalls associated with determination of CFAEs. In addition, high resolution automated mapping and electrogram annotating systems can be helpful to select appropriate target sites for ablation.
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